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Abstract
New experimental results, and a plausible theoretical understanding thereof, are presented for
the flow-induced currents and voltages observed in single-walled carbon nanotube samples. In our
experiments, the electrical response was found to be sublinear – nearly logarithmic – in the flow
speed over a wide range, and its direction could be controlled by an electrochemical biasing of the
nanotubes. These experimental findings are inconsistent with the conventional idea of a streaming
potential as the efficient cause. Here we present Langevin-equation based treatment of the nanotube
charge carriers, assumed to be moving in the fluctuating field of ions in the flowing liquid. The
resulting “Doppler-shifted” force-force correlation, as seen by the charge carriers drifting in the
nanotube, is shown to give a sublinear response, broadly in agreement with experiments.
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Single-walled carbon nanotubes (SWNT) in contact with a flowing liquid provide a unique
microfluidic system that offers a large interfacial area of intimate atomic contact between
otubes are kept in their place by a supporting insulating substrate. The electrical signal is
measured along the flow direction (uL) as shown Fig. 1. The other experimental details are
as in [1]. A sensor with a minimal contact resistance of ∼25Ω (found from four- probe mea-
surements) was used in the experiments so that the short-circuit current could be measured.
The short-circuit current (open-circuit voltage) was measured by connecting the microam-
meter (millivoltmeter) across the SWNT sample. The resistance (two-probe) of the device,
measured with the sensor dipped in the liquid was found to be ∼ 70 Ω. Figure 2 shows the
dependence of the induced voltage and current on the flow velocity uL. The solid line is a fit
to the empirical relation I = αI log(βI uL + 1), with αI = 0.02µA and βI = 4.8× 10
4s/cm.
The voltage also fits the empirical relation V = αV log(βV uL + 1), where αV = 1.4µV and
βV = 4.8×10
4s/cm. It can readily be seen that αV = αI×R, i.e., the resistance encountered
is precisely the resistance (2 probe) of the device. This is an important point to note: if an
electrokinetic mechanism were operating, the resistance obtained would have been orders of
magnitude higher, i.e., equal to that of the electrolyte (∼ 0.1MΩ)[5]. This in itself rules out
quite decisively the electrokinetic mechanism of voltage generation. Next, we consider the
measured direction of the flow induced current with respect to the flow direction as a func-
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nanotube charge carriers by the liquid flow. The dependence of the flow-induced signal on
the concentration of different types of ions in the liquid is, however, found to be complicated
and non-monotonic. These details will not be addressed here.
We now turn to our theoretical mechanism for the flow-induced current/voltage. This
can be understood qualitatively in terms of three physically distinct but related ideas: (a)
Induced friction: The fluctuating charge density of the ions close to the nanotube couples
couloumbically to the charge carriers in the nanotube and, therefore, offers a friction to the
motion of these charge carriers (in addition to the Ohmic friction intrinsic to the carbon
nanotubes). This, of course, follows directly from the fluctuation-dissipation theorem; (b)
Flow-induced drag : In virtue of the above frictional coupling, an imposed liquid flow drags
the charge carriers along through the nanotube; (c) Reduction of induced friction at high flow
speeds : The space-time correlated couloumbic fluctuations, inherent to the liquid electrolyte,
are advected by the liquid flow, and thus get Galilean boosted (Doppler shifted) as seen in
the mean rest frame of the drifting carriers in the nanotube. Correspondingly, as we will see,
the friction they offer to the motion of the charge carriers in the nanotube diminishes with
increasing flow speed. This is crucial to the observed sublinear dependence of the charge
drift-velocity (electrical response) on the liquid flow speed.With the above in mind, we will
now derive these frictional effects, first from a heuristic argument, and then analytically
from a Langevin-equation treatment.
Consider a nanotube placed along the the z-axis with the liquid flowing parallel to it.
We model the nanotube as a classical one- dimensional (1D) conductor with diffusive charge
transport. In the steady state, let uL and uD be, respectively, the velocity of liquid(L) flow
and the induced drift velocity of charge carriers in the nanotubes, all measured relative to
the nanotube lattice. Now, in the absence of any frictional coupling to the liquid flow, the
drift velocity uD will tend to relax to zero, i.e., to rest with respect to the lattice, with
a relaxation time τD characteristic of the nanotube resistivity. Similarly, if we were to
“switch off” the resistive coupling to the lattice, the drift velocity uD would relax to the
liquid velocity uL, i.e., to the rest frame co-moving with the liquid, because of the frictional
coupling (drag), with a relaxation time τL. Now, therefore, in the presence of both these
frictional influences, the drift velocity uD will assume a steady-state value uD < uL that
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satisfies uD/τD = (uL − uD)/τL giving
uD = uL/(1 + τL/τD). (1)
Equation (1) is merely a restatement of the condition of frictional force-balance in the steady
state. It would appear to give an induced short-circuit current (equivalently, an open circuit
voltage via the nanotube resistance) along the nanotube which is linear in the flow velocity.
The nonlinearity is, however, really hidden in the uL dependence of the relaxation time
τL that we will now try to make explicit. It may be noted here that we are assuming,
for simplicity, a uniform liquid flow without the hydrodynamic complications of a no-slip
boundary condition.
In a simple caricature of the real situation then, consider the ionic density in the liquid,
fluctuating thermally and flowing past the nanotube at a mean velocity uLzˆ, producing
thereby a fluctuating couloumbic potential φ(r, t), at a point r at time t. We are, of course,
interested in the case of r lying on the z axis i.e., r = (0, 0, z) (in the 1D nanotube).
For the space-time correlation function 〈φ(0, 0)φ(r, t)〉 ≡ G0(r, t) in the mean rest frame
of the ions, the charge carriers in the nanotube see this correlation Galilean boosted to
G(r, t) ≡ G0(r − zˆvt, t) with v = uL − uD. This Galilean boost (Doppler shift) is the key
physical point of our treatment. At uL = 0, the fluctuation-dissipation theorem (FDT) tells
us that the coefficient of the zero-frequency friction to the motion of the charge carriers
in the nanotubes, arising from the ionic thermal fluctuations, is proportional to the time
integral of this on-site force-force correlation function. If we assume this relation even for
uL 6= 0 we have
1/τL = 1/(mekBT )
∫
∞
−∞
〈eEz(r− zˆvt, t)eEz(r, 0)〉dt. (2)
Here Ez is the z-component of the coulombic (electric ) field due to the ions; me is the
mass of the charge carrier with e the electronic charge; kB is the Boltzman constant, and T
the absolute temperature. We re-write the right hand side of Eqn.(2) in Fourier (q)- space,
expressing the above force-force correlator in terms of the ionic charge-densities ρ(r, t) using
Ez(q, t) = −iqzφ(q, t) and −q
2φ(q) = eρ(q, t)/ǫ, where ǫ is the solvent dielectric constant,
and obtain straightforwardly
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